Objective-Collateral artery growth (arteriogenesis) is an important adaptive response to hampered arterial perfusion.
P
hysical exercise is a potent intervention for the primary and secondary prevention of vascular diseases. The extent of physical activity correlates with the protective effect. 1 In stable peripheral arterial obstructive disease, exercise training is the only therapeutic measure receiving a class I recommendation in current guidelines. 2 Several mechanisms have been proposed to underlie the beneficial effects of physical exercise for patients with ischemic disease, especially the improvement of endothelial cell function has been well documented. 3 Collateral artery growth (arteriogenesis) is a natural escape mechanism to overcome the consequences of arterial obstruction or occlusion. 4, 5 The presence of coronary collateral arteries is associated with reduced cardiovascular mortality. 6 Although there is some experimental evidence of increased collateralization after exercise, 7 mechanisms involved are incompletely understood. Activation of endothelial nitric oxide synthase (eNOS) 8 and increased release of mononuclear progenitor cells 9 are among the molecular processes observed. Bone marrow (BM)-derived mononuclear cells (MNCs), particularly monocytes, orchestrate collateral artery growth. 10 Exercise-induced release of NO in collateral vessels is thought to be largely shear stress-dependent. Whether there are exercise-induced effects beyond direct activation of the endothelium is currently unknown. For the clinical benefit after acute ischemia such as myocardial infarction 11 or peripheral artery occlusion, arteriogenesis most likely must be initiated before the occlusion of the vessel. However, the effect of exercise on arteriogenesis in the absence of an arterial occlusion/obstruction has not been studied and potential underlying mechanisms are not known.
See accompanying editorial on page 1733
In this study, we used a murine hindlimb model to investigate the effects of physical exercise before femoral artery occlusion. We then used monocyte depletion and BM transplantation studies to characterize the role of MNC for exercise-induced modulation of arteriogenesis. In a translational approach, inducible NO synthase (iNOS) expression of human MNC before and after 6 months aerobic exercise training was analyzed.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Exercise Before Femoral Artery Ligation Increased Arteriogenesis
Microsphere-assessed hindlimb perfusion fell to 3.5±0.7% of the unligated left control side acutely after right femoral artery ligation in sedentary mice. Mice offered a treadmill for voluntary physical exercise ran 4.0±0.3 km/d before and 0.5±0.2 km/d after unilateral femoral artery ligation. When ligating the right femoral artery after 3 weeks exercise, perfusion immediately after surgery was 4.0±0.8% of the unligated hindlimb (P=0.735 compared with sedentary). Thus, exercise did not influence baseline collateralization of the healthy murine hindlimb.
Seven days after ligation, hindlimb perfusion restoration as measured by fluorescent microsphere perfusion increased to 34.8±2.0% of the unligated hindlimb in control animals (sedentary). In mice exercising for 3 weeks before and until 1 week after ligation (run and run) perfusion restoration was increased to 52.8±4.1% (P<0.001 versus sedentary). In mice exercising for 3 weeks before ligation but without treadmill for the week after ligation (run and rest), perfusion restoration was similarly increased to 57.4±4.2% (P<0.001 versus sedentary; P=ns versus run and run). These hemodynamic findings were corroborated by immunohistochemical analyses showing an increase of the collateral arterial smooth muscle cell area as an indicator of cellular growth (smooth muscle cell constituting the most important proliferating cell type in arteriogenesis). Smooth muscle cell area increased from 26.2±3.3 in sedentary to 43.3±3.9 in run and run (P<0.001 versus sedentary) and 41.2±4.8 μm² in run and rest (P<0.001 versus sedentary; P=ns versus run and run). Similarly, the number of collateral arteries detectable in the main collateral-containing adductor muscle increased from 9.1±0.7 in sedentary to 16.7±0.6 per section in run and run (P<0.001 versus sedentary) and 17.3±0.9 in run and rest (P<0.001 versus sedentary; P=ns versus run and run). Because the running distance in the week post ligation was reduced to 0.5 km and no difference of the effect of run and run compared with run and rest on collateral blood flow were observed, we abstained from the group run and run in the following experiments. Time course analyses using Laser-Doppler imaging confirmed that exercise before femoral artery ligation increased perfusion restoration 3 and 7 days later. The prophylactic effect of exercise was upheld until 7 days after femoral artery ligation (and after exercise stop). Microfil-angiographies confirmed increased number and size of collateral arteries at day 7. In contrast, angiogenesis as assessed by calculating immunohistochemically analyzed capillary/fiber ratios remained unchanged (Figure 1) .
To evaluate whether a positive effect of exercise was also detectable in a vascular disease model, the hypothesis was tested in an apolipoprotein E knockout (ApoE −/− ) mice. Here, similar to wild-type mice, 3 weeks exercise training led to an increase in perfusion restoration 1 week after femoral artery ligation if assessed using fluorescent microsphere perfusion (exercise 54.15±5.4% versus sedentary 31.9±5.6% of the unligated left hindlimb; P=0.021).
Perivascular Macrophage Accumulation After Exercise
In flow cytometry, monocyte number after exercise did not increase compared with sedentary controls, but exercise seemed to inhibit increase in blood monocyte concentration after femoral artery ligation, possibly by increasing recruitment into perivascular tissue. Accordingly, the area of F4/80 positive peri-collateral macrophages in the adductor muscle increased after exercise to 195.0±17.6 versus 98.0±14.3 μm²; P<0.001, showing that exercise facilitates the accumulation of macrophages around collateral arteries ( Figure 2 ).
NO Synthases Are Upregulated on Exercise and Femoral Artery Ligation
In large arteries, eNOS mRNA and protein expression are 3-to 4-fold upregulated after 3 weeks exercise. 9 To test the hypothesis that local NO synthases may be important for arteriogenesis post exercise, the adductor muscles from ligated and nonligated limbs were compared. Protein expression and Ser1177 phosphorylation of eNOS (an indicator for activation) were not affected by exercise in pre-existing collateral arteries in the adductor muscle (eNOS/GAPDH 0. (Figure 3 ).
Source of iNOS and Role of Spleen
Next, systemic iNOS expression was investigated. In peripheral blood MNCs, iNOS mRNA was enhanced to 2387±572% We subsequently hypothesized that exercise-induced increase of peri-collateral macrophages and increased iNOS expression might originate from systemic-spleen-derivedMNCs. The experiments were, therefore, repeated with mice that underwent splenectomy before 3 weeks of running wheel exercise. In contrast to our hypothesis, microsphere perfusion 1 week after femoral artery ligation revealed that splenectomy did not alter arteriogenesis in sedentary mice (perfusion restoration 18.8±3.9 versus 16.9±3.3% [P=ns] of nonligated hindlimb in splenectomy versus control). In exercising mice postsplenectomy, perfusion restoration increased to 32.9±3.3% of the nonligated hindlimb, compared with 31.3±3.3% in nonsplenectomized trained mice (P=ns), demonstrating that the exercise-induced increase was not affected by splenectomy (Figure 4 ).
Monocyte and Macrophage Depletion Using Clodronate Liposomes Attenuates ExerciseInduced Stimulation of Arteriogenesis
After the neutral effect of splenectomy on exercise-induced arteriogenesis, we hypothesized that systemic depletion of monocytes/macrophages may influence the positive effects of exercise on perfusion restoration. Because of the paucity of data on long-term effects of clodronate treatment, 12 several series of experiments were performed comparing different injection intervals and concentrations. Peripheral blood monocyte count (flow cytometry) and macrophages in liver and spleen (immunohistochemistry) were used as readouts. An injection scheme using intravenous injections of 100 μL liposomes (0.5% clodronate) every 4 days proved to result in sustained depletion of both peripheral blood monocytes and macrophages in reticuloendothelial tissue (liver and . Three weeks exercise (blue bars) before right femoral artery ligation did not improve perfusion of the ligated hindlimb (expressed as ratio to nonligated limb, n=6 per group) when measured by microsphere perfusion immediately after ligation (B). However, 1 week after ligation, perfusion restoration was stronger in animals exercising from 3 weeks before ligation until 1 week afterward (run and run, light blue bar). Similarly, when treadmill running was stopped after femoral artery ligation (run and rest, dark blue bar), perfusion restoration was equally increased compared with sedentary controls (n=8 each, C). Immunohistochemistry showed an increased area of smooth muscle cells, the predominant cell type of collateral arteries both in run and run and run and rest (D, n=8 each). The number of collateral arteries in a cross section of the adductor muscle increased similarly in both the groups (E). Representative histological sections are shown in (F), where smooth muscle cells are stained green, nuclei in blue. Microsphere perfusion data were confirmed using laser Doppler perfusion measurements. In the latter (n=8 per group), time course experiments demonstrate that hindlimb perfusion was already higher 3 days after exercise and femoral artery ligation, and was observed also 7 days thereafter (G). Microfil angiograms performed postmortem visualized an increase in collateral diameter and number (H, n=4). In contrast, capillary/fiber ratios were not affected by exercise (I).
spleen; Figure 5 ). Weight gain as a parameter of general health remained unchanged compared with vehicle-injected control group during the treatment period. Running distance was comparable between placebo-and clodronate-treated animals. Perfusion restoration after femoral artery ligation as assessed using microsphere perfusion measurements was reduced in clodronate-treated (starting the day before ligation) animals to 61.3±6.2% of the nonligated hindlimb, as compared with 87.6±7.0% in control-liposome treated animals (P=0.008). In the above mentioned exercise model, perfusion restoration in the course of time was also assessed using laser Doppler fluxmetry. Placebo or clodronate liposomes were injected during the course of 3 weeks exercise and throughout 1 week after femoral artery ligation. The beneficial effect of exercise was annihilated in the group treated with clodronate liposomes, and perfusion restoration remained at the level of sedentary animals receiving vehicle (liposome) treatment. Corroborating the laser doppler imaging results, the increase in the collateral smooth muscle cell area was abrogated in clodronate-treated animals. Furthermore, comparable with the data in liver and spleen, clodronate liposomes strongly reduced the number of pericollateral macrophages, resulting in a significant decrease of the macrophage area compared with vehicle-treated controls ( Figure 5 ). In this model of arteriogenesis, capillary growth (CD31 immunostaining) in the adductor muscle was unaffected (data not shown).
iNOS From Circulating Cells Is Needed for Monocyte Chemoattractant Protein-1-Expression and Exercise-Induced Prophylactic Effect on Arteriogenesis
Mechanistically, iNOS mRNA expression was no longer increased by exercise in peripheral blood or spleen after macrophage depletion with clodronate. Similarly, in [ 3 H] arginine-citrulline conversion assay, an increase in NO was detected in the collateral-containing adductor muscle after exercise that was no longer visible after monocyte depletion. Furthermore, monocyte depletion resulted in a loss of peri-collateral expression of the strong arteriogenic cytokine monocyte chemoattractant protein-1. In-vitro, after silencing of iNOS, monocyte chemoattractant protein-1-expression was reduced in MNCs ( Figure 6 ). Thus, we hypothesized that the absence of monocytes and macrophages reduces the expression of iNOS that is an important contributor of exerciseinduced prophylactic effect on perfusion restoration. To test this assumption, perfusion restoration after femoral artery ligation in exercising iNOS-deficient mice was measured. In sedentary iNOS-deficient animals, perfusion restoration as detected by microsphere perfusion experiments was mildly attenuated compared with wild-type animals post ligation. In contrast to wild-type mice, 3 weeks exercise did not increase perfusion restoration (28.4±2.8% of nonligated hindlimb in iNOS-deficient mice versus 57.4±4.2 in wild-type animals; P<0.001; Figure 7 ). Of note, in endothelial-NO synthase (eNOS) knockout mice, perfusion restoration was strongly attenuated in sedentary animals and could not sufficiently be stimulated by exercise either (8.0±0.8%; P<0.001 compared with wild-type).
As next step, BM from iNOS-deficient mice was transplanted into myoablated wild-type control mice. Animals ran similar distances as nontransplanted mice (data not shown). In exercising mice with iNOS-deficient BM perfusion restoration after exercise and femoral artery ligation was attenuated compared with controls (wild-type mice receiving BM from wild-type animals; 34.3±5.1 versus 19.8±2.1% perfusion of ligated versus nonligated hindlimb; P=0.013), demonstrating circulating MNC to be the source for iNOS (Figure 7 ).
Aerobic Exercise Training in Humans Increases Circulating MNC iNOS Expression
Translating the findings into the human situation, healthy volunteers (mean age, 49±7; 40% men) underwent controlled aerobic exercise training (45 minutes, 3× a week) for 6 months. Volunteers had initially been randomized into this training or a control group. iNOS mRNA expression of Ficoll-isolated peripheral blood MNC was increased to 279±65% of pretraining levels (P=0.039; Figure 8 ). Controls not undergoing supervised training demonstrated no change after 6 months (101±21%; P=0.982 compared with baseline). Plasma levels of MCP1 (monocyte chemoattractant protein-1) remained unchanged (before/after 6 months training: 368±51 pg/mL/358±40 pg/mL, compared with controls 377±54 pg/mL/351±49 pg/mL).
Discussion
This is the first investigation reporting on the detailed cellular mechanisms of exercise-induced collateral artery growth. The main novel finding is that inducible NO synthase from BMderived circulating monocytes is critical for the beneficial . mRNA expression of inducible NO synthase (iNOS), however, did increase after exercise (C, n=8). In contrast, when endothelial shear stress through collateral connections was enhanced by femoral artery ligation, previous running exercise for 3 weeks resulted in comparable eNOS protein expression (D) but enhanced phosphorylation (E, n=8 each). Inducible NO synthase was again found upregulated. At the same time, at a functional level, [ 3 H] arginine-citrulline conversion assay was indicative of increased NO production in hindlimb tissue (G, n=8). In immunohistochemistry, iNOS (green, white arrows) was localized to peri-collateral (collateral arterial smooth muscle cells green, green arrows) macrophages (red, red arrows) in confocal microscopy (H).
effects of exercise on perfusion restoration after femoral artery ligation.
NO Is a Mediator of ExerciseInduced Arteriogenesis
Arteriogenesis represents a key mechanism of compensation for the reduced tissue flow caused by an obstructed artery. 13 However, effective therapeutic strategies to improve collateral artery formation remain limited demonstrating the need for further mechanistic insight. This study finds that voluntary physical activity compared with the typical sedentary lifestyle of laboratory animals provides powerful improvement of the restoration of blood flow after hindlimb ischemia. An earlier investigation in rats has reported that treadmill running before femoral artery ligation acutely increased blood flow, 14 an effect that is most likely mediated by vasomotor tone. In this study, careful assessment of perfusion under conditions of maximal vasodilation showed that previous exercise training does not increase the blood flow acutely after femoral artery ligation but promotes arteriogenesis that subsequently results in an accelerated restoration of blood flow in the following days.
Further study of the underlying molecular mechanisms revealed an important role of NO in the ischemic tissue. In large arteries, increased endothelial NO bioavailability is a hallmark of physical exercise. 3, 9, 15, 16 Exercise-mediated enhanced shear stress is an important mediator of increased expression and activity of endothelial NO synthase in conductance arteries. 17 Here, these data are extended demonstrating a specific role of the inducible NOS for arteriogenesis in a different cellular compartment, the peri-collateral tissue. The source of iNOS is circulating MNCs because both clodronate-induced depletion of monocytes/macrophages and MNC-specific depletion of iNOS abrogates exercise-induced collateral artery growth. In contrast to the shear stress-induced upregulation of eNOS in the murine aorta, eNOS activity remained unchanged in the collateral-bearing hindlimb adductor muscle probably because no increase in shear stress is to be expected in preexisting collateral anastomoses as long as the femoral artery is fully patent. In contrast, iNOS upregulation was detected after exercise in collateral tissue independent of femoral artery ligation, pointing to a shear stress-independent mechanism. After ligation, iNOS expression remained consistently upregulated in the MNCs surrounding the collateral arteries. Besides a direct vascular effect of NO from iNOS, we provide evidence of an attenuation of arteriogenic monocyte chemoattractant protein-1 after iNOS depletion, thus possibly leading to a further inhibited monocyte recruitment. In a translational approach, iNOS upregulation was also found in MNCs of healthy humans after 6 months endurance exercise training. Recent work also points to a monocyte-modulating effect of regular exercise in intermittent claudication. 18 Shear stress is a major driving force for collateral artery growth. Physical exercise increases shear stress in the preexisting collateral circulation after obstruction/occlusion of a large artery. 19 At the same time, the critical role of circulating monocytes in arteriogenesis is widely appreciated. 10 The findings of this study provide a link between the concepts of exercise-induced increase in collateral artery growth and the role of MNCs in arteriogenesis. The observed prophylactic effect seems not only shear stress-dependent. Rather, exercise upregulated iNOS in BM-derived circulating cells that invade into peri-collateral tissue to act as the source of NO.
It should be noted that the effect of NO on vascular growth 20 and myocardial blood flow 21 has been discussed controversially in the literature. Uncoupling of the eNOS enzyme can also aggravate oxidative stress. 22 Also, left ventricular remodeling after myocardial infarction is described to be dependent on NO.
23
Macrophages Are a Source of Enhanced NO Levels
Macrophages accumulate around growing collateral arteries 24 and are critically involved in arteriogenesis. Their causal role for the growth of pre-existent collateral anastomoses has been studied using mice deficient of the macrophage colonystimulating factor 25 or after monocyte depletion using 5-fluorouracil. 26 These interventions not only reduce the number of macrophages but also affect growth factors and systemic inflammation at the same time. For example, application of 5-fluorouracil results in a marked rebound effect in addition to a distinct antiproliferative effect of the compound. The monocyte/macrophage depletion technique by liposomal clodronate used in this investigation has the advantage to induce a long-term depletion of monocytes and macrophages. As a potential limitation the inflammatory reaction caused by regular liposome injections might influence the vascular growth process, as reflected by increased perfusion restoration in the liposome-vehicle group. We elaborated different dosing schemes establishing a protocol that yielded sufficient depletion of monocytes in the blood and in tissue macrophages, 27 which resulted in a highly reproducible decrease of perfusion recovery both assessed using microsphere perfusion and laser Doppler measurements. The source of MNCs contributing to enhanced arteriogenesis has hitherto been unknown. Spleenderived MNCs play a major role in vascular remodeling . Macrophages in liver and spleen, stained by F4/80, were diminished 48 hours after clodronate injection (C). Assessing perfusion restoration using fluorescent microsphere perfusion 1 week after femoral artery ligation in mice resulted in decreased hindlimb perfusion in animals (n=10 per group), which received clodronate injections the day before and 3 days after femoral artery ligation (D). Next, both sedentary and exercising mice underwent clodronate injections once in 4 days as indicated on the time bar (E). Three weeks exercise before femoral artery ligation increased perfusion restoration 7 days after femoral artery ligation as already shown in Figure 1 . When clodronate liposomes were injected during exercise, the positive influence of exercise before ligation was abolished (F, n=10 per group). Representative laser Doppler images showing this lack of exercise-induced perfusion increase in monocyte-depleted mice 7 days after femoral artery ligation are shown in (G). Exercise-induced increase of collateral smooth muscle cell area as a measure of vessel size was attenuated by clodronate (H). In resting animals, clodronate reduced the number of pericollateral macrophages. Also, exercise-induced increase of macrophages was no longer visible when clodronate was injected together with exercise (I). Representative immunohistochemical pictures of macrophages (red) around collateral arteries (smooth muscle actin staining, green) are shown in (J). Inducible NO synthase (blue) detected in macrophages (red; purple color indicates costaining of red macrophages and blue iNOS) around collateral arteries (green) was reduced after clodronate treatment, as shown in confocal microscopy (K). SMC indicates smooth muscle cell.
post myocardial infarction. 28 There, splenic accumulation of inflammatory monocytes in myocardial infarction and release toward the myocardium was associated with myocardial remodeling. Different subtypes of monocytes display both detrimental properties leading to maladaptive remodeling, and beneficial features yielding to adaptive responses, such as angiogenesis. 29 We hypothesized that depletion of spleenderived cells would eliminate a potential source of these cells, thereby impeding their effect on arteriogenesis. However, the data obtained post splenectomy show that spleen-derived cells are not of major relevance for adaptive vascular remodeling. Subsequent BM transplantation studies revealed that mice with iNOS-deficient BM do not show increased collateral artery growth after exercise. These experiments identify BM-derived MNCs to be the source of iNOS necessary for the exercise-induced increase in arteriogenesis. In line with previous reports, 30 blood monocyte concentration strongly dropped after femoral artery ligation, suggesting increased tissue recruitment of these cells. Both source, location, and particularly time course of activation of inflammatory cells must be critically controlled during vascular growth. Excess inflammation, similarly to excess activation of NO signaling, is known to inhibit rather than stimulate vascular growth. 31, 32 These data have limitations as they were, for the largest part, obtained from healthy experimental animals. The proarteriogenic effect of voluntary exercise was confirmed in the vascular disease model of ApoE knockout mice. The so far premature clinical data, however, need to be further scrutinized in monocytes from patients with peripheral arterial disease. Furthermore, investigating humoral factors in a human study is always subject to interindividual variation and influences of other variables not covered by the study protocol.
As an outlook, these findings may not be limited to collateralization of the peripheral circulation. Other groups have alluded to a beneficial effect of exercise on coronary 33 or cerebrovascular 34 vascular growth. In these vascular territories, exact mechanisms of exercise-induced vascular growth are yet to be elucidated and may be comparable with those identified here. A relevant role of perivascular iNOS in arteriogenesis has earlier been demonstrated. 35 Of note, during remodeling after myocardial infarction, classical inflammatory macrophages (as a source of iNOS) are the predominant cell type only in the early phase (day 2), whereas later (day 5), alternatively activated macrophages prevail. 36, 37 Macrophage subtypes during hindlimb arteriogenesis also seem to follow a temporal and spatial distribution, where both subtypes seem necessary during different phases of collateral artery growth. 38 The identification of circulating monocytes as the source for a proarteriogenic factor (iNOS) might set the stage for novel ideas for future therapeutic approaches. Because monocytes can be modified ex-vivo and reinfused, use of these cells as carriers to deliver a proarteriogenic strategy into the vasculature could be feasible. 39 Monocyte-mediated iNOS at the right time (after arterial occlusion) and in the right cellular compartment (ischemic perivascular tissues) could be a potential future target. In the meantime, our data strongly support exercise prescription as an essential strategy of prevention and treatment for patients with peripheral arterial disease. Physical training is a cornerstone in vascular prevention. Its exact modes of action are unclear. Understanding the underlying mechanisms provides further support for this approach. Here, we show that endurance exercise in a murine model not only is beneficially after vascular occlusion, when increased shear stress activates the collateral endothelium, but also stimulates vascular growth in a prophylactic manner, that is, before vascular occlusion. Nitric oxide from bone marrow-derived monocytes mediates this process, as demonstrated by monocyte/ macrophage depletion and bone marrow transplantation experiments from inducible nitric oxide synthase knockout mice. Also in humans, inducible nitric oxide synthase was increased after endurance exercise. These data provide new insights into mechanisms of collateral artery growth. Serving as mediator, circulating monocytes might be used in novel experimental approaches to stimulate vascular growth, possibly after modification to express higher amounts of nitric oxide.
Significance
